Aims/hypothesis The role of burden and duration of multiple microvascular complications on mortality rate has not been explored in detail in type 1 diabetes. Taking complication burden and time-updated duration into account we aimed to quantify mortality rate in individuals with and without microvascular complications. Methods This observational clinical cohort included 3828 individuals with type 1 diabetes attending the Steno Diabetes Center Copenhagen in 2001-2013. We used information on mortality and detailed clinical measures of microvascular complications from electronic patient records. Poisson models were used to model mortality rates according to complication burden. Results During 26,665 person-years of follow-up, 503 deaths occurred. Compared with individuals without microvascular complications, the mortality rate ratio was 2.20 (95% CI 1.79, 2.69) for individuals with diabetic kidney disease, 1.72 (95% CI 1.39, 2.12) for individuals with neuropathy and 1.02 (95% CI 0.77, 1.37) for individuals with retinopathy, all adjusted for calendar time (year/month/day), age, duration of diabetes, sex, HbA 1c , LDL-cholesterol, BMI, smoking status, systolic blood pressure, use of antihypertensive and lipid-lowering medication, and cardiovascular disease status. In individuals with two complications or more, the risk of mortality did not exceed the combined risk from each individual complication. Mortality rate ratios increased immediately after diagnosis of neuropathy and diabetic kidney disease. Mortality rate ratios were independent of the duration of neuropathy and retinopathy, while the mortality rate associated with diabetic kidney disease reached a stable level after approximately 3 years. Conclusions/interpretation Neuropathy and diabetic kidney disease are strong and independent risk markers of mortality in type 1 diabetes, whereas no evidence of higher mortality rate was found for retinopathy. We found no indication that the mortality risk with multiple complications exceeds the risk conferred by each complication separately. The duration spent with microvascular complications had only a marginal effect on mortality.
Introduction
The rate of mortality in individuals with type 1 diabetes continues to exceed that of the background population by 3-to 4-fold [1, 2] , despite markedly improved clinical management, which has led to substantial declines in mortality rates and has reduced the gap in life expectancy between individuals with and without diabetes [3] [4] [5] . The excess mortality rate is primarily associated with prolonged exposure to hyperglycaemia [6, 7] . However, higher mortality rates are still seen in individuals with well-controlled type 1 diabetes compared with the background population [8, 9] . Microvascular complications are associated with the excess mortality risk in type 1 diabetes, especially diabetic kidney disease, the effects of which are well documented [5, 10] . Most studies on the impact of microvascular complications on mortality rate in type 1 diabetes that have been published to date have been limited to a single complication, without accounting for the great heterogeneity in the development of complications that individuals with type 1 diabetes experience throughout their life [11] . Importantly, we do not know how the total microvascular complication burden links with mortality in type 1 diabetes, or how duration of microvascular complications affects mortality risk.
Multi-state models have the advantage of providing detailed perspectives on the longitudinal development of multiple microvascular complications and their association with mortality in the same time window [12, 13] . This statistical method handles the movement of individuals through different disease states, while accounting for the accrued follow-up time in each state. Using this method, this study aimed to quantify rate of all-cause mortality in type 1 diabetes with or without microvascular complication(s) in a large clinical cohort. Specifically, we examined how all-cause mortality depends on the concurrent microvascular complication burden (complication burden at each time point in the observation window). Moreover, we assessed whether identified associations between microvascular complications and mortality rates in type 1 diabetes vary according to the duration of microvascular complications.
Methods
Data sources and study population This clinical cohort consisted of individuals with type 1 diabetes from the Steno Diabetes Center Copenhagen. Data was extracted from electronic patient records (EPR) and the Danish Register of Causes of Death [14] . These data sources were linked for the period 2001-2013 through personal identification numbers in the Danish Civil Registration System [15] .
Type 1 diabetes was defined based on the epidemiological phenotype requirements as implemented in the Danish National Quality database: age under 30 years at diagnosis and glucose management with insulin treatment at diagnosis. Individuals aged 30 years or above at diagnosis with randomly obtained non-fasting low C-peptide values (according to laboratory-specific reference values) or glutamic acid decarboxylase (GAD) 65 antibody positivity, both in combination with a need for insulin to control blood glucose concentrations, were also classified as having type 1 diabetes.
Study participants were included at the first date on which they had a clinical examination of diabetic kidney disease, retinopathy, and neuropathy registered in the EPR. If the date of the first registration for diabetic kidney disease, retinopathy and neuropathy differed, the latest screening date for any of the microvascular complications was used as the inclusion date. Included individuals were followed until emigration, the censoring date of 30 September 2013 (end of study period) or death. Individuals without an examination of any of the microvascular complications were excluded from the study.
The presented data collection was approved by the Danish Data Protection Agency (J. No.: 2007-58-0015 and 2012-58-0009). According to Danish law, anonymised analyses of databases do not require informed consent.
Study variables and definitions of complications
The outcome of the present study was death from any cause. Information on date of birth, immigrant status (first-or second-generation immigrant), diagnosis of diabetes and microvascular complications was available in the EPR. We also obtained information on self-reported lifestyle habits (alcohol consumption, smoking and physical activity habits), BMI, estimated glomerular filtration rate (eGFR), blood pressure, and biochemistry laboratory information on HbA 1c , serum creatinine, HDL-and LDL-cholesterol, total cholesterol and triacylglycerol, at clinical visits. We also had information on prescription of antihypertensive medication and lipid-lowering medication.
Data on diabetic kidney disease, retinopathy and neuropathy was also obtained from the EPR. Diabetic kidney disease was assessed every 3-4 months. The definition of diabetic kidney disease included both eGFR under 60 ml min −1 [1.73 m] −2 and urinary albumin/creatinine ratio (UACR) exceeding 3.5 mg/mmol in a spot urine or albumin excretion >30 mg/24 h in two urine specimens within the previous 12 months. Neuropathy was assessed annually with a biothesiometer and graded according to published age-specific thresholds [16] to classify any peripheral neuropathy defined by bilateral abnormal sensory modalities on the big toes. Retinal images were obtained annually or every other year (depending on previous status) and graded by a trained nurse or, if necessary, a medical specialist, according to the Early Treatment Diabetic Retinopathy Study (ETDRS) scale [17] . Retinopathy was defined as at least moderate non-proliferative changes in either eye.
Statistical analysis Clinical characteristics of individuals at entry are presented as medians (25th percentile, 75th percentile) for continuous variables or as frequencies and proportions for categorical variables. The exact date of onset of microvascular events was unknown as microvascular status was assessed at clinical visits (i.e. at interval-censored transition dates). We used two different approaches to establish the most accurate transition date for microvascular complications. First, for individuals with a prior negative assessment, we used the first clinical assessment with abnormal measure as the transition date, even if the assessment date was prior to inclusion in the study. Second, for individuals who entered the study with complications (no prior negative assessment) we assumed that all individuals had no complications at diabetes diagnosis; for these individuals, transition dates were imputed solely using the distribution of diabetes duration from the onset of diabetes to the diagnosis of each specific newly diagnosed complication. We performed all analyses in 60 imputed datasets and summarised the obtained estimates using Rubin's rules [18] . The distribution of diabetes duration at diagnosis of each complication is shown in electronic supplementary material (ESM) Fig. 1 .
Individuals were followed-up independent of complication state at entry. Complications were considered irreversible and we did not distinguish the order in which complications occurred. Individuals could change state (transition) during follow-up and thereby contribute follow-up time in different states ( Fig. 1) . As an example, an individual could start without any complications. If retinopathy was later diagnosed at one of the clinical visits, the individual would change to the 'retinopathy state' in our models. The time spent without complications was assigned as exposure time to the 'no complication state', while time spent with retinopathy was assigned to the 'retinopathy state'. If an individual died, the event was counted as an outcome for the exposure state of the individual at that point in time.
In the present study, we modelled occurrence rates; the likelihood function for this type of observation is (proportional to) a Poisson likelihood. Follow-up time was split into 6 month intervals and each interval was assigned the value of the covariates age, time since diagnosis of type 1 diabetes, time since complication onset, the response variables status at the end of the interval (censoring or event type) and length of the interval (risk time). The modelling of mortality rates was done by Poisson models using mortality as outcome and the log of the risk time as offset, modelling the effect of the timescales (age, diabetes duration and time since diagnosis of microvascular complications) as smooth functions using natural splines (and adjusting for baseline levels of other covariates) [12] . The logarithmic transformation was based on the natural logarithm (log e ). We tested for interactions by sex. We considered three different model structures: structure I included only the number of microvascular complications (0-3 complications); structure II included main effects of complication type without interactions; and structure III used a separate variable for each of the eight possible complication states. Likelihood ratio tests were used to compare models and select the most parsimonious model structure for subsequent analysis.
Adjustments were made in three steps the first adjustment level included concurrent calendar time (year/month/day as a linear term), age and duration of diabetes as restricted cubic splines. It also included sex, and HbA 1c level at entry in the study (adjustment level 1). Furthermore, we adjusted for BMI, systolic blood pressure, LDL-cholesterol, use of antihypertensive medication, use of lipid-lowering medication and smoking status at entry in the study (adjustment level 2). Finally, the status of cardiovascular disease (CVD) at entry in the study was added in the ultimate adjustment (adjustment level 3).
Four representative patient profiles were constructed to illustrate how mortality rises according to diabetes duration, age and evolving microvascular complication burden, and duration since diagnosis of microvascular complications (Fig. 3) .
We performed four separate sensitivity analyses; first, we replaced retinopathy defined as at least moderate nonproliferative changes with a definition using at least severe non-proliferative or proliferative retinal changes (grade 3 or higher on the ETDRS score). Second, we replaced the definition of diabetic kidney disease with UACR >35 mg/mmol on two occasions within a year and/or eGFR <60 mL min
. Third, we replaced the definition of diabetic kidney disease with a definition solely based on UACR >3.5 mg/ mmol on two occasions within a year. Fourth, we performed a sensitivity analysis that included only individuals without microvascular complications at entry (n = 1689).
Statistical analyses were performed in R, version 3.3.3 (R Foundation for Statistical Computing, Vienna, Austria; www. R-project.org) using the mitml package, the mitools package, and the Epi package for the definition of the multi-state model [12, 19] .
Results

Participant characteristics
The total population comprised 5031 individuals with type 1 diabetes. Individuals without assessment of diabetic kidney disease, neuropathy or retinopathy were excluded, leaving 3828 individuals for analysis with a total follow-up time of 26,665 person-years. ESM Table 1 shows descriptive characteristics of included and excluded individuals at first assessment in the study period. The age-and sex-adjusted morality rates in included and excluded individuals are similar (data not shown, but as an example, the mortality rate per 1000 person-years for an excluded 50-year-old woman was 14 (95% CI 12, 17), whilst for an included woman of the same age it was 12 (95% CI 11, 14) ; p = 0.08). entry into the study. Individuals with any complications at entry were older (p < 0.001) and diagnosed with diabetes earlier in life (p < 0.001) than individuals without complications. A larger fraction of those with complications were male (p = 0.017) and had an unhealthier lifestyle (a higher proportion smoked and was physically inactive; p < 0.001 for both). Furthermore, a higher proportion of those with microvascular complications at entry also had CVD (p < 0.001) and were being prescribed antihypertensive drugs (p < 0.001) and/or lipidlowering medication (statins; p < 0.001).
The observed median screening interval (25th percentile, 75th percentile) was 120 days (84, 214) for diabetic kidney disease, 388 days (217, 618) for retinopathy and 433 days (337, 567) for neuropathy. An overview of follow-up time and number of deceased individuals in each complication state, along with the number of individuals in each Fig. 1 ).
Mortality rate and mortality rate ratio from multi-state models Model structure evaluation showed that model structure II (including each complication type separately as main effects without interactions) was clearly superior to model structure I (including only the number of microvascular complications) (p < 0.001), but it was not inferior to model structure III (separate parameters for each of the eight states) (p = 0.247). Furthermore, mortality rate ratios from model structure II and model structure III were highly comparable (data not shown). Hence, further analyses were based on model structure II. We found no evidence for interaction between sex and complication status on mortality (p = 0.46). Mortality rates by sex at 53 years (the mean age at the end of follow-up) for each complication state are presented in ESM Table 2 . Table 2 presents the crude mortality rate and mortality rate ratios from model structure II with different levels of adjustment. A total number of 503 deaths occurred during the follow-up period. Among them, 318 had diabetic kidney disease (defined as UACR >3.5 mg/mmol and/or eGFR <60 ml min
), 426 had retinopathy (defined as at least moderate non-proliferative changes in the retina) and 308 had neuropathy (above age-specific threshold). At adjustment level 1, adjusting for calendar time (year/month/day), age, duration of diabetes, sex and HbA 1c , we saw a clear association between both diabetic kidney disease and neuropathy and mortality, but no effect of retinopathy was seen. Further adjustment for well-known modifiable risk factors (adjustment level 2) did not greatly change the associations, nor did additional adjustment for CVD status (adjustment level 3). At adjustment level 3, the mortality rate ratio for individuals with diabetic kidney disease was 2.20 (95% CI 1.79, 2.69), whilst for neuropathy it was 1.72 (95% CI: 1.39, 2.12) and for retinopathy it was 1.02 (95% CI: 0.77, 1.37), relative to individuals without microvascular complications. Mortality rate ratios for individuals with more than one complication compared with individuals without any microvascular complications was extracted from the model by multiplication of the effect from each complication separately ( Table 2) . As an We extended the simple fixed-time effect model in order to explore the effect of duration of diabetes, current age and duration of microvascular complications on mortality rate. ESM Fig. 2 shows the absolute mortality rates for individuals without complications as a function of age and diabetes duration, modelled at rates for the year 2012 for individuals diagnosed at different ages (20, 30 and 40 years), stratified by sex. The mortality rate roughly increased exponentially with age and diabetes duration. Figure 2 shows the mortality rate ratios in individuals with diabetic kidney disease, neuropathy or retinopathy compared with individuals without any microvascular complications, as a function of duration of the respective complication. Retinopathy did not have an effect on mortality rate. In contrast, the mortality rate ratio for neuropathy increased immediately after diagnosis and then stabilised at approximately 1.7-fold higher than the rate in individuals without complications. Diabetic kidney disease also immediately raised the mortality rate by a factor of 2.8 compared with those without complications. However, during the first 3 years after diagnosis of diabetic kidney disease, mortality rate ratio decreased, stabilising at~2.2-fold higher than individuals without complications.
To illustrate the effects of age, microvascular complication burden, duration of diabetes and duration of complications on mortality, estimated mortality rates per 1000 person-years for four hypothetical complication scenarios are presented in Fig.  3 . Mortality rates were shown to increase exponentially with age and duration of diabetes in individuals without complications. However, when an individual was diagnosed with diabetic kidney disease or neuropathy, their mortality rate was elevated to a higher level compared with individuals who remained complication free (Fig. 3a, b) . The higher mortality rate continued to increase as a nearly constant exponential function of age until the next complication developed, after which point the mortality rate was elevated to an even higher level (Fig. 3c, d ).
Sensitivity analysis Using a stricter definition of diabetic kidney disease (UACR >35 mg/mmol on two occasions within a year and/or eGFR <60 ml min 
Discussion
This study shows that all-cause mortality in individuals with type 1 diabetes varies according to their evolving microvascular complication burden. Compared with individuals without complications, individuals with neuropathy had a 1.7-fold higher mortality rate and individuals with diabetic kidney disease had a 2.2-fold higher mortality. We found no evidence of an association between retinopathy and mortality rate in type 1 diabetes. We are able to show that the increased mortality risk in individuals with type 1 diabetes certainly depends on the age of the individual and the duration of diabetes, while it only marginally depends on the duration of each of the diabetes- Mortality rate ratio Fig. 2 Mortality rate ratios for individuals with one microvascular complication compared with individuals without microvascular complications as a function of duration of complications. Pooled estimates by Rubin's rules from 60 datasets with imputed event times. Estimates are from the fully adjusted model (structure II, adjustment level 3), adjusted for calendar time (linear effect), age (spline model with four parameters), duration of diabetes (spline model with three parameters), sex, HbA 1c , BMI, smoking status, LDL-cholesterol, systolic blood pressure, use of antihypertensive medication, use lipid-lowering medication and CVD status at first assessment in the study period. The y-axis is on a log scale (log e ). Grey line, diabetic kidney disease; blue line, neuropathy; red line, retinopathy. Shaded areas indicate 95% CIs related microvascular complications. The mortality risk in individuals with more than one complication is simply the product of the risk estimates from each separate complication; no evidence was found of additional risk from having more than one complication. Large clinical trials have shown that intensive control of blood glucose lowers mortality risk in individuals with type 1 diabetes [6, 7, 20] . However, even with glycaemic levels near those recommended, an increased mortality risk remains [8, 9] . Our study is unique in that we assessed both the separate risk and the combined mortality risk associated with all three microvascular complications, while taking duration since diagnosis of complications into account. Although we did not find evidence for a statistical interaction between the microvascular complications, this does not mean that a biological interaction does not exist.
The excess mortality risk in individuals with diabetic kidney disease, both with short and long duration of diabetes, has been long established [5, 7, 10, [21] [22] [23] . Mortality rates in individuals with diabetic kidney disease and type 1 diabetes in our study was slightly lower than previously reported, but it was still comparable with the previously published rates. There may be several explanations for the lower mortality rate with diabetic kidney disease observed in our study, including differences in the composition of the population and also recent improvements in available treatments and quality of care; our study was conducted in a clinical setting and all individuals were offered highly specialised and standardised care. Moreover, mortality rates have been shown to be on a general downward trend over recent years [3] [4] [5] and studies conducted in the past were likely to find a stronger association between diabetic kidney disease and risk of death in type 1 diabetes. Based on the sensitivity analyses, the choice of diagnostic criteria for diabetic kidney disease that was used in our study does not seem to explain the lower mortality rate ratios observed with this complication, as compared with findings from other studies. Our results emphasise diabetic kidney disease as a clear and strong risk factor for mortality in type 1 diabetes. The association was found to be slightly stronger immediately after diagnosis but stabilised after 3 years. , LDLcholesterol of 2.5 mmol/l and systolic blood pressure of 130 mmHg. Data are pooled estimates using Rubin's rules from 60 datasets with imputed event times; estimates are derived from the fully adjusted model (structure II, adjustment level 3). The y-axis is on a log scale (log e ). DKD, diabetic kidney disease; NEU, neuropathy
We showed a clear association between diabetic neuropathy and mortality in type 1 diabetes. Few other studies have reported on mortality rates in individuals with type 1 diabetes and peripheral neuropathy [10, 20] and those that do show discrepant results. The explanation for these differences remains elusive, but it could be related to the diversity in the criteria for the definition of neuropathy. First, clinical trials often include symptoms in the definition of neuropathy [10, 24] , whereas our criterion is solely based on an abnormal biothesiometry measure, which may classify more individuals as having neuropathy. However, despite our more inclusive definition, the impact of this complication on mortality rates in type 1 diabetes is clear. Second, glycaemic control, a strong determinant of both neuropathy and mortality, was suboptimal in our cohort. We adjusted for a wide range of potential confounders but we cannot exclude the possibility of residual confounding. Our results suggest that neuropathy should be considered a clear risk factor for mortality in type 1 diabetes, and that the mortality risk increases immediately after diagnosis.
Retinopathy did not appear to be associated with mortality risk in type 1 diabetes. Based on the literature, we would have expected to find a higher mortality rate in the individuals with type 1 diabetes and retinopathy compared with individuals without this complication [25] [26] [27] . In a previous study, we found retinopathy to be predictive of the occurrence of diabetic kidney disease and neuropathy in type 1 diabetes [28] . Since previous studies in this field did not examine multiple complications, many of their participants with retinopathy will also have had neuropathy and/or diabetic kidney disease. Although this approach is valid, the effects of the different complications are likely to have been combined under the retinopathy label and, thus, may have led to inaccurate conclusions. Our multi-state analytical design allows for more thorough separation of the effects of different complications. However, it should be noted that, in our study individuals with any given complication could have subclinical levels of other complications. Other studies have found an association between proliferative retinopathy and mortality risk [29, 30] . An even stricter definition of retinopathy might have enabled us to support these findings; however, such detailed information was not available in the dataset at hand.
Adjustment by calendar time, age, duration of diabetes, sex and HbA 1c reduced all mortality rate ratios compared with the crude mortality rate ratios (adjustment level 1). There was little effect following adjustment for well-known modifiable cardiovascular risk factors (adjustment level 2). As CVD was expected to be a strong confounder, adjustment for CVD at baseline (adjustment level 3) was expected to weaken the association between the microvascular complications and mortality; however, that was not the case.
Of all retinopathy cases, 27.8% were detected during follow-up, whilst of all neuropathy cases, 44.1% were detected during follow-up and of all diabetic kidney disease cases, 43.6% were detected during follow-up. Since the majority of retinopathy cases were present at baseline, while the other complications were more likely to develop during follow-up, it was important to consider the possibility that CVD adjustment had a stronger impact on the mortality risk linked to retinopathy. However, this seems not be the case, as the effect of retinopathy on mortality rate was virtually unchanged in models with or without CVD adjustment.
The cohort used is clinic-based and all events were properly accounted for because of highly structured protocols for regular clinical examinations. Moreover, all deaths in our study population were recorded in the Danish registration system. This implies that the follow-up data for all complication states and outcome (death) was practically complete. The duration effect was less precisely estimated in individuals with complications at entry in the study. We imputed 60 datasets to optimise our estimates for the effects of complication duration on mortality rates. This approach ensured maximal use of the available observation time. The sensitivity analysis including only individuals without complications showed that this approach introduced very limited bias but increased the power of the study. A major advantage of the Poisson models with smooth parametric effects is that we could adequately deal with multiple-related time scales, such as age, calendar time, duration of diabetes and duration spent with complication(s). It is normal practice for individuals with type 1 diabetes in Denmark to attend a tertiary care centre, which limits the risk of referral bias in our study. Our results are generalisable and highly relevant to other countries with similar healthcare systems.
Our study focuses on all-cause mortality rather than on cause-specific mortality. We chose this approach because the excess mortality seen in type 1 diabetes is not solely explained by higher mortality from CVD [31] or acute complications (i.e. ketoacidosis or hypoglycaemia). Furthermore, routine certification of causes of death is subject to heterogeneous sources of error [32] , which do not affect all-cause mortality. Microvascular complications might lead to increased risk of CVD, which in turn could mediate the higher mortality rate associated with microvascular complications. In the current study, we adjusted only for baseline status of CVD. However, the role of CVD on mortality rate in type 1 diabetes during follow-up should be further investigated in future studies.
Excluded individuals were younger (p < 0.001) and had shorter duration of diabetes (p = 0.007). Even though clinicians at the Steno Diabetes Center work according to clinical protocols, we have to consider the possibility that clinicians may tend to send this group of individuals for microvascular screening less frequently. If this were the case, the resulting selection could lead to bias in that excluded individuals would have a lower absolute mortality rate as they are characterised by younger age and shorter diabetes duration compared with included individuals, and they would also have a lower complication burden. However, when we compared the mortality rates, only a minor non-significant difference between excluded and included individuals was observed (mortality rate ratio for excluded individuals compared with included individuals was 1.1; p = 0.08), indicating that the age-dependent selection process is unlikely to constitute a major source of bias.
Conclusion
We found no indication that individuals with type 1 diabetes and multiple complications have a mortality risk exceeding the risk conferred by each complication separately. Thus, mortality rates in individuals with more than one diabetic complication consists of the risk estimates from all separate complications combined. Neuropathy and diabetic kidney disease were found to be independent risk factors for mortality in individuals with type 1 diabetes, whereas we found no excess risk of mortality associated with retinopathy. Exploring the impact of the duration since diagnosis of complications adds new and valuable knowledge to the field. Although mortality rates are highly dependent on the age of the individual and diabetes duration, we showed that the duration of microvascular complications had only a marginal effect on mortality rate ratios, especially after a few years from diagnosis of these complications. Since our study shows that attention to the evolving and heterogeneous microvascular complication burden provides a more detailed perspective on the risk of mortality in type 1 diabetes, this knowledge could facilitate implementation of better integrated risk models in daily clinical practice.
